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Molecular dynamics simulation of superionicity 
in neighborite, NaMgF3 
L. X. Zhou, • J. R. Hardy and H. Z. Cao 
Department of Physics and Center for Electro-Optics, 
University of Nebraska-Lincoln, Lincoln, NE 68588-0111 
Abstract. Superionicity in neighborite, NaMgF3, has 
been studied by molecular dynamics using parameter- 
free Gordon-Kim potentials. These simulations show 
that this halide-based perovskite has a superionic phase. 
The onset temperature for superionicity is • 50-100 K 
below the melting point. This is a novel type of superi- 
onicity in a halide, occurring as it does in a perovskite 
rather than a fluorite. Superionicity is demonstrated to 
occur whether one uses the full ionicity for Mg 2+ and 
F- or employs reduced charges derived from a Quantum 
Chemistry calculation. The relevance of these findings 
to predictions of superionicity in the oxide perovskite 
MgSiO3 [Matsui and Price, 1991] is discussed. 
1. Introduction 
The phase diagram of the perovskite MgSiO3 is of 
great geophysical importance since magnesium rich sil- 
icate perovskite is thought to be the dominant phase 
in the Earth's lower mantle. It is thus of great interest 
to study this compound and its phase diagram theoret- 
ically by the technique of computer molecular dynam- 
ics, and there has been extensive work in this which 
has recently been reviewed by Vocadlo, Patel and Price 
(1995). In particular, an investigation by Matsui and 
Price (1991) has revealed what appears to be the onset 
of superionicity in the pre-melting temperature range, 
and earlier studies, with substantially different interi- 
onic potentials, also show this behavior. 
However, these results from semi-empirical potentials 
differ substantially from a priori calculations from den- 
sity functional theory by Wentzcovitch et al. (1993), 
which indicate that it is unlikely that MgSiO3 ever en- 
ters the cubic phase before melting. Since this may 
indicate that there are inherent problems in treating an 
oxide-based system (probably due to charge redistribu- 
tion in the 0 2- ion, which is only stabilized by the crys- 
tal electrostatic field), it could be illuminating to study 
a closely similar system in which this problem is absent. 
Fortunately, this exists in neighborite NaMgF3, a mate- 
rial isoelectronic with MgSiO3. Moreover, this material 
is of geological interest in its own right. 
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In the past, we have made extensive studies of halide- 
based perovskites [Flocken et al., 1990] which have 
largely been concerned with their phase diagrams well 
below their melting points, and have achieved a wide 
quantitative as well as qualitative success, using a com- 
bination of computer molecular dynamics (CMD) and 
parameter-free pair potentials derived by the Gordon- 
Kim [Gordon and Kim, 1971] modified electron gas 
technique. 
Most recently we have extended these to studies on 
superionic onduction in the fluorite CaF9. [Zhou et al., 
1996-I] and the antifluorite Li9. O [Zhou et al., 1996-II] 
and their isomorphs. Since this behavior is only mani- 
fest close to the melting temperature in these systems, 
it is not something we would have discovered previously 
should it also occur in halide-based perovskites, where it 
may have been observed experimentally [O'Keeffe and 
Bovin, 1979]. Since we have not previously studied a 
magnesium-based halide perovskite in detail, it seemed 
best to initiate any CMD based theoretical search for 
superionicity on NaMgF• as part of an overall exami- 
nation of the phase diagram of that system. 
2. Molecular Dynamics Investigation 
We thus carried out molecular dynamics simulations 
using our parameter-free Gordon-Kim [Gordon and Kim, 
1971] potentials for rigid ions, using a periodic supercell 
with 320 ions (64 Mg 2+, 192 F-, 64 Na+), heating from 
0 K to 3000 K in 100 K steps, and averaging for 6 ps 
after each heat pulse. 
In order to establish the existence of superionicity, 
we monitored the •b cross section of our supercell. At 
the onset of superionicity, we observe "linear disorder" 
in the F- sublattice coexisting with still ordered Na + 
and Mg 2+ sublattices, as can be seen in Figure 1, for 
which the temperature is 2880 K. This behavior is seen 
for temperatures of 2880 - 2930 K. Above 2930 K the 
cations also disorder and the crystal "melts." This 
"melting point" is much higher than the observed value 
of 1303 K. Thus, these results are only qualitatively 
interesting in that they show clearly the onset of supe- 
rionicity before melting. At higher temperatures, the 
F- sublattice becomes essentially disordered with ions 
clearly jumping into neighboring supercelIs. However, 
the cation sublattices remain intact. 
In addition, the structural transformations reported 
at 1032 K and 1173 K [Chao et al., 1961] of which only 
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Figure 1. (a) Projections of the E• cross sections of the four layers of Na + and Mg 2+ ions in our 320 i•on supercell 
on the basal plane. The temperature is 2880 K and the ellipsoids bound the region over which each ion moves 
to during the simulation. Clearly both sublattices are fully ordered. (b) Same projections for the F- ions - the 
large elongated and often displaced ellipsoids indicate superionic mobility. Both this Figure and Figure 2 are 
projections of all the layers on the (x, y, 0) plane; the lowest layer corresponds to the solid lines and the others 
to broken lines. 
the former is reproduced in very recent work, [Zhao et 
at., 1993-I; Zhao et at., 1993-II] are not reproduced 
either in temperature or in the observed change in sym- 
metry. Specifically, we obtain only a single transition 
at -• 850-900 K to a near-trigonal phase, a _ b _ c - 
3.6A ø at 300 K, c.f. _ 3.8A ø (expt.) [Chao et al., 1961; 
Zhao et at., 1995-I•. The most likely origin of these dis- 
crepancies is a defect in the simple Gordon-Kim model, 
most probably in the description of the Mg2+-F - inter- 
action, since this bond may well be poorly described by 
a superposition of Mg 2+ and F- charge distributions, 
owing to significant covalency. In this context, it is 
worth noting that MgF2 has the rutile rather than flu- 
orite structure- something that is not favored by close 
packing of purely spherical ions [Megaw, 1975•. 
In order to obtain a clearer understanding, we ran a 
Quantum Chemistry GAUSSIAN 94 calculation [Frisch 
and Foresman, 199,i] for the [MgF6] 4- molecule and 
examined the Mulliken [Muttiken, 1955] populations of 
the orbitals. This gave a fluorine charge of-0.79, im- 
plying an Mg charge of 1.37 in NaMgF3. Thus, as the 
simplest first approximation, we replaced the Gordon- 
Kim charges by these new values without changing the 
Gordon-Kim short-range potentials. Since each outer 
closed shell contains eight electrons, the average change 
for the F -ø'79 ions is only ,• 2-3% and -• 5-8% for the 
Mg 1'37 ions; furthermore, it is only the F -ø'79 ions that 
have significant short-range interactions with units ex- 
ternal to their octahedra. 
We then repeated our molecular dynamics simulation 
using the same periodic supercell containing 320 ions 
(64 Mg +1'37, 192 F -ø'79, 64 Na+), and heating from 
0 K to 2000 K in 100 K step averaging for l0 ps after 
each heat pulse. This single change produces dramati- 
cally improved agreement with experiment. The onset 
temperature for superionicity is now 1330 K, it persists 
at 1395 K and the "melting point" of the whole lattice 
is , 1400 K. In this case, we show in Figure 2 cross 
sections similar to those in Figure 1, but for a tem- 
perature of 1330 K, demonstrating F- "chain disorder" 
coexisting with still ordered cation sublattices. Similar 
behavior is seen at a higher temperature (1395 K) prior 
to the final heat pulse which produces full disorder or 
"melting." 
In Figure 3, we show the phase diagram below the 
superionic transition. Clearly the lowest temperature 
phase is orthorhombic in agreement with Mulliken (1955) 
and O'Keeffe and Bovin (1979). Also, the values of the 
axial lengths, a, b and c agree well with the experimen- 
tal values [a - 3.79A ø, b - 3.88A ø, c - 3.83A ø (expt.) 
[Chao et at., 1961; Zhao et at., 1993-I]: a = 3.80A ø, b = 
3.83A ø, c = 3.83A ø (theory), both for 300 K]. However, 
the onset of the transition away from the cubic phase, 
present above 1200 K, appears to occur at • 1175 K to 
what may be a transient near-tetragonal phase between 
• 1175 K and • 1030 K. This assertion is obviously 
very tentative, since the changes in axial lengths are 
clearly within the limits of the statistical fluctuations 
at these temperatures. Below 1020 K, the lattice is def- 
initely orthorhombic, although the a and b axes switch 
below • 450 K. While these first two temperatures agree 
closely with the experimental values in Mulliken (1955) 
and O'Keeffe and Bovin (1979) have fairly definitively 
ruled out the existence of the tetratonal phase. As far 
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Figure 2. The same cross sections a those shown i Figure 1, but for Mg +z'37 and F -ø'79' (a) Mg +z'37 and Na +, (b) F -ø'*9. This time the temperature is 1330 K. Again, we see clear superionicity in he F -ø'*9 sublattice, while 
the cation sublattices are still ordered. The single large ellipsoid in Figure 2(a) represents a transient excursion 
of a single Na + ion which disappears at 1395 K. 
as the lower temperature transition on which Mulliken 
(1955) and O'Keeffe and Bovin (1979) agree, there is 
good agreement with our calculated value of • 1030 K. 
3. Discussion 
That CMD may be showing a transient tetragonal 
phase suggests that such a phase might, depending on 
particular circumstances (e.g., growth conditions), be 
transiently metastable and be seen experime•ntally. Pos- 
sibly this occurred for the work in Mulliken (1955). 
Whether the CMD "melting" temperature corresponds 
to that at which real melting would occur is question- 
able. However, since the most likely discrepancy for 
CMD with periodic boundary conditions is marked su- 
perheating, the fact that the superionic transition tem- 
perature is closely reproduced while "melting" occurs 
only 50-60 ø K higher (at Tc • 1400 K, close to the ob- 
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Figure 3. Axial lengths plotted as a function oftemperature from our simulation f Na + Mg +•'3* F] 
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served melting temperature) suggests that superheat- 
ing , at least, is not present o any significant degree in 
the present simulation. 
While our simple assumption of reduced ionicity in 
the Mg- F bond can be questioned, we believe that 
the principal reason for its success is that it expands 
the MgF6 octahe•ra and thus the lattice (hence, the 
improved lattice Constants). Apparently this improve- 
ment also gives more realistic "double-well potentials" 
for the MgF6 rotations so that they order in the man- 
ner described in Zhao et al. (1993-I)'(equal antiphase 
rotations about twQ axes and an inphase rotation of 
diffe.rent magnitude'along the third). 
Since any improvement over the fully ionic Gordon- 
Kim potential must also achieve these aims, it is not 
unreasonable to argue that it, too, must predict the on- 
set superionicity -• 50-100 K below the melting point. 
In addition, the fact that even the fuliy ionic potentials, 
which show superheating by almost a factor of two, also 
predict the onset of superionicity 50-100 K below melt- 
ing, further supports the reality of this effect. 
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